I. INTRODUCTION
Polarization converters are key elements in sensor applications and coherent optical systems. [1] , [2] Polarization converter types include; single and multilayer meander-line polarizer technology [2] , [3] , dipole arrays [4] , alternating dielectric plates [5] , and lattice structures [6] . However, most of these concepts cannot be readily implemented in the sub-mm wave range, where dimensional tolerances are critical and accurate repeatable manufacturing is needed.
In this paper, we show the design, manufacturing, and characterization of a new type of single layer FSS based polarization converter. This polarizer sits at 45 with respect to an incident 45 slant linear polarized (LP) plane wave and converts it to a circularly polarized signal.
Due to reciprocity and incident circularly polarized signal is converted to a slant linear 45 signal upon exit from the polarizer.
II. PRINCIPLE OF OPERATION
The split slot ring geometry shown in Fig. 1 is used to obtain a CP exit wave from an LP input wave. The polarizer is designed to be orientated at 45 relative to an incident slant 45 LP signal in order to minimize reflections within the quasi-optical network in a future radiometer. The incident LP signal resolves into two equal components, aligned along the vertical and horizontal directions. If the FSS is made to phase advance one component by +45 and at the same time phase retard the other component by 045 while at the same time producing equiamplitude outputs then an exit CP signal will occur. Thus 1) the exit wave components must be equal EH = EV at the output of the polarizer and 2) there must be a 90 phase difference between the two components 8 V 0 8 H = 90 .
Both criteria can be enforced by using two split-ring slots in a nested configuration, Fig. 1 that the incident TE (Y directed) wave component causes the longer outer slot to resonant slightly below the centre specified operating frequency of the polarizer while the TM (X directed) wave component causes the inner slot to resonate at a frequency slightly above the centre specified operating frequency. At the centre operating frequency the length of both slots is one wavelength. Therefore the width length and relative spacing dimensions of the inner and outer slots control the amplitude and phase of the exit signals. Since the elements are arranged periodically the bandpass filtering characteristics associated with slot frequency selective surfaces are preserved. [7] Meanderline structures have been traditionally used to convert linearly polarized radiation into circularly polarized radiation. In order to benchmark the split slot loop design presented in this paper we used the meander line arrangement in [3] to design a single layer polarization converter operating at the same center frequency as the split slot ring, 325 GHz. The 3 dB Axial Ratio Bandwidth of the transmitted CP signal, as well as the stability to varying angles of incidence were found to be inferior to the performance of the design presented in this paper. For example at normal incidence the 3 dB AR bandwidth for the split slot ring polarizer is 21%, as compared to 6.4% for the meander line. The other popular polarizer arrangement a cross slot when oriented at 45 to the incident wave when simulated generated a passband response in the TE plane which is much narrower compared to the passband generated in the TM band, leading to an unsymmetrical and narrow 3 dB AR bandwidth of 10%.
Alternative approaches including alternating dielectric plates [5] and lattice structures [6] were not further investigated, since they require significantly more complex precision silicon micromachining technique than is required to produce the freestanding split slot loop FSS polarizer now discussed.
III. DESIGN, MANUFACTURING, AND MEASUREMENT
CST Microwave Studio was used to design and optimize the structures consisting of nested annular slot elements. Periodic boundary conditions were implemented in order to reduce the computational volume to that of a single unit cell. [8] The screen metallization selected was high conductivity silver, 61.7 210 6 S=m of 1 m thickness. The structure in Fig. 1 was fabricated on a 400 m thick low resistivity silicon wafer using a precision silicon micromachining technique developed to produce freestanding FSS structures, as depicted in Fig. 2 . uses "Silicon on Insulator" (SOI) wafers to form the structural core of the device. Slots are micromachined into the silicon to fashion the array. Substrate material from below the array is removed in order to form a thin perforated diaphragm. The remaining silicon is then encased by sputtered metal in order to eliminate the influence of the dielectric material losses on electrical performance.
[10] Fig. 2 depicts the three major fabrication steps.
(1) The 10 m SOI wafer has the slot array etched by Deep Reactive Ion Etching (DRIE) (etch rate 3.5 m=min). This is the blanket etch process for formation of the slots with a thin photoresist masking layer providing the slot patterns. The surface has excellent planarity, computer modeling using Coventorware software [11] , shows residual compressive stress would generate a < 57 nm displacement of the elements which is practicable negligible at the 325 GHz operating frequency of the polarizer.
The electromagnetic performance of the screen was measured using a two-port vector network analyzer in conjunction with an AB quasi optical test system. [12] Here sub-millimeter signals were generated by a harmonically multiplied swept 8-18 GHz wave source radiated into free space by a wideband corrugated horn antenna. The radiated beam is then focused by ellipsoidal mirrors which produce a Gaussian beam waist of 4 mm at the position of the polarizer in the sample holder which relative to the incident signal. The exit signal from the polarization converter is mixed down to 8-18 GHz and fed back to the vector network analyzer, VNA. The co-and cross-polar spectral responses of the FSS were measured by obtaining the transmission spectra through the polarizer first without it in the sample holder, free space calibration, then with it in each of the two orthogonal positions, i.e., TE, TM positions.
In order to eliminate the effect of any residual standing waves in the quasi optical feed train, the raw S 21 data was time-gated within MATLAB. The gated amplitude and phase data for each of the orthogonal positions was then post-processed to find the axial ratio of the exit CP signal using the formulae in [13] .
IV. EXPERIMENTS AND RESULTS
The equi-amplitude point of the measured structure is shifted away from the predicted operational frequency 03:25 dB/325 GHz to a lower frequency point at 03:38 dB/ 320.8 GHz, this was due to mask quantization arc to rectangular approximation errors. With reference to Fig. 1 the measured final unit cell dimensions are given in Table I . The phase difference at 320.8 GHz was measured to be 88 . Hence, the point where the minimum axial ratio occurs moved from 325 GHz (original design) to 320.8 GHz (measured). The 3 dB AR bandwidth was calculated to be 11.75% remaining close to its predicted value of 12%. The measured insertion loss was 03:38 dB which is very close to the simulated insertion loss of 03:25 dB.
Analysis for the variation of the 3 dB axial-ratio bandwidth of the transmitted circular polarized signal and the polarizers insertion loss as a function of screen metallization conductivity was made. The conductivity of the polarizer's metallization layer (high conductivity silver, 6.1 210 7 S=m) was decreased and the performance of the screen re-simulated. The results of these simulations are summarized in Fig. 5 . The line with the triangular symbols denotes the deviation of the minimum axial ratio in decibels and the line with the round symbols shows how insertion loss is increasing with decreasing conductivity of the metallization layer, due to increasing ohmic losses.
The analysis shows that a decrease in metallization layer conductivity of 1 210 7 S=m from the expected high conductivity silver value hardly affects the polarizer's insertion loss or the AR of the transmitted CP signal.
V. CONCLUSION
A new concept for a silicon micromachined FSS based sub-mm wave transmission polarization convertor has been demonstrated. A 3 dB AR Bandwidth of the transmitted circularly polarized signal of 11.75% with 3.38 dB insertion loss can be achieved with the design. The structure reported should find application in next generation radiometer applications where polarization analysis is required.
